IN ANIMALS, AMMONIA IS THE PRIMARY metabolic waste formed from the breakdown of proteins. Ammonia is highly toxic and therefore must be excreted or detoxified to prevent harmful accumulation within the body. Most tetrapods have adopted the strategy to convert the bulk of their ammonia into less noxious compounds, urea and uric acid. In contrast, the majority of adult teleost fish directly excrete most of their nitrogenous waste in the form of ammonia to the surrounding water. This strategy is believed to be advantageous, because in permissive environments, ammonia can diffuse down its gradient from the blood to the water via the gills at little or no cost, whereas the production of urea is energetically expensive. Indeed, in fish the ornithine-urea cycle (O-UC) yields 1 mol of urea for 5 mol of ATP consumed, and it requires several enzyme-catalyzed steps via carbamoyl phosphate synthase III (CPSIII), ornithine transcarboxylase (OTC), arginosuccinate synthetase (ASS), arginosuccinate lyase (ASL), arginase, and the accessory enzyme glutamine synthetase, which catalyzes the formation of glutamine from ammonia for the entry into the O-UC through CPSIII (57) . Although additional pathways (e.g., uricolysis, arginine catabolism) may contribute to urea production in ammonotelic teleosts, these pathways are not believed to be functionally related to ammonia detoxification in these species (1) .
Although the majority of adult teleosts are primarily ammonotelic, a few exceptional species can excrete substantial amounts of urea in challenging or stressful environmental conditions (30, 38, 46, 56, 60) . In addition, a variety of fish that are primarily ammonotelic as adults are also capable of producing significant amounts of urea early in their development (4, 7, 13, 51, 62) . This ureogenic capacity may be of crucial importance to prevent ammonia toxicity considering the nutritional, developmental, and biophysical constraints imposed upon developing teleost fish. Indeed, developing embryos and larvae rely heavily on amino acid catabolism for energy production, resulting in the formation of ammonia (12, 15, 16, 23, 42, 43, 44, 48) . This ammonia, however, cannot be efficiently excreted to the external medium because, prior to hatching, fish typically lack functional gills and are enclosed in a semipermeable chorion (41, 48) . Therefore, the biophysical characteristics that allow adult fish to readily excrete ammonia in their environment are absent or minimized early in development, as suggested by the accumulation of nitrogenous wastes in embryos and yolks of several teleost species (4, 7, 18, 62) . Thus the detoxification of ammonia via urea production may be of crucial importance to prevent ammonia toxicity during embryogenesis. In addition, in the few fish species examined, ureogenesis capability during early life stages has been attributed to the presence of the gene transcripts and functional activities of several enzymes of the O-UC (7, 13, 25, 27, 50, 62) . Furthermore, recent work in trout showed that most O-UC enzyme activities were primarily located in the embryonic body, not the yolk sac or liver, but due to technical limitation of the assays, the precise localization of the enzymes could not be further refined (50) . Similarly, in the African catfish, the enzymes localized to the muscle tissues, not the liver (51) .
In regulatory terms, the ontogenic switch from larval fish able to produce significant levels of urea to adults with much lower capacity is intriguing. Indeed, it suggests that all the genetic material necessary for making up the various components of the O-UC are present in fish, primarily functional during early life stages, and silenced thereafter (7, 62) . Typically, the regulation of physiological processes can be achieved at several levels. Traditionally, transcriptional regulation via changes in the abundance or activity of specific transcription factors has been found to play a major role in physiological adaptations. More recently, an additional layer of regulation termed epigenetics has emerged to be an important mechanism in both ontogenic and tissue-specific mRNA expression patterns in a variety of models (8, 31, 40, 49) . In particular, the methylation status of cytosine/guanine dinucleotide-rich domains (CpG islands) of regulatory regions of specific genes has a profound effect on the activation or silencing of these genes under certain conditions. Interestingly, in CPSI in mammals (homologous to CPSIII in fish), the promoter has been well characterized (9 -11, 19, 28) , and the methylation status of cytosine residues in the rat promoter correlates well with its tissue and developmental mRNA expression patterns (45) .
With the above background in mind, we undertook the current study to further explore the ontogeny of ureogenesis in a teleost species. Because the zebrafish has been found to be ureogenic during its early life stages (4), we wanted to further exploit the numerous advantages of the zebrafish as an animal model in genetics, developmental biology, and physiology. The first aim of the present study was to assess the presence and developmental patterns of expression transcripts of the O-UC enzymes in developing zebrafish embryos. In addition, using in situ hybridization techniques we wanted to further refine the spatial mRNA expression patterns of selected O-UC enzymes in the developing embryo. Second, we hypothesized that the differences in expression patterns of CPSIII, the enzyme limiting nitrogen entry in the O-UC that were observed during development in zebrafish larvae and in specific tissues of adult fish, are epigenetically regulated by the methylation status of its proximate promoter. Finally, although the transcript and enzyme activity of several O-UC enzymes has previously been detected in several species (e.g., 7, 62), the functionality of the O-UC in developing fish has rarely been directly tested (13) . Therefore, we used morpholino-based gene silencing to knock down CPSIII expression in developing zebrafish to assess whether urea production during early development is primarily via the O-UC and thus determine whether this pathway is physiologically relevant in developing fish embryos.
METHODS

Animals.
Adult wild-type zebrafish (Danio rerio) were kept in 10-liter plastic tanks in aerated and dechlorinated Ottawa tap water at 28°C. The fish were maintained in a 10:14-h light-dark cycle and fed once daily on Adult Zebrafish Complete Diet (Zeigler, Gardners, PA). Embryos were obtained following standard breeding procedures (59) and raised in E3 embryo medium (in mM: 5 NaCl, 0.17 KCl, 0.33 CaCl, 0.33 MgSO 4, and 0.00001% methylene blue) in Petri dishes at 28°C until needed. All procedures were approved under Protocol BL-255 by the Animal Care Committee of the University of Ottawa and were in accordance with guidelines of the Canadian Council on Animal Care.
Real-time PCR analysis. Embryos were harvested at 5, 24, 32, 48, and 72 h postfertilization (hpf), immediately flash-frozen in liquid nitrogen, and stored at Ϫ80°C until further analysis. For each time point, 30 -50 embryos were homogenized in TRIzol, total RNA was extracted, treated with DNase I and reverse transcribed with Superscript II reverse transcriptase following the manufacturer's instructions (Invitrogen, Burlington, ON). Gene expression analysis was carried out with real-time PCR technology on an Mx3000P real-time cycler (Stratagene, La Jolla, CA). The cycling conditions were 3 min of 95°C denaturation and 40 cycles of 15-sec denaturation (95°C), 30 sec annealing (58°C) and 30 sec extension (72°C). Each sample was assayed in duplicate in a 12.5-l mix containing 6.5 l Brilliant SYBR mix, 2 l cDNA, and 0.2 M of each primer (Table 1) . No template controls were run in parallel to ensure the absence of contamination. Relative levels of gene expression were obtained following ⌬⌬Ct using elongation factor 1␣ (EF1␣) as a reference gene. The specificity of the primers used was ensured through postreal-time PCR dissociation curve analysis.
Whole mount in situ hybridization. Digoxygenin (DIG)-labeled RNA probes were generated as previously described (54) . Briefly, gene-specific antisense sequences were amplified using gene-specific primers (Table 1 ) and cloned in pDrive vectors (Qiagen, Mississauga, ON). Plasmids were then linearized with either BamHI or SacI, and transcribed using the DIG RNA labeling kit (Sp6/T7) following the manufacturer's instructions (Roche, Laval, QC). DIG-labeled RNA was ethanol purified, quantified through native gel electrophoresis, and stored at Ϫ80°C until needed. Wild-type embryos were raised until 30 -32 hpf in embryo medium containing 0.003% 1-phenyl-2-thiourea (Sigma-Aldrich, Oakville, ON) to minimize pigment formation. After collection, embryos were fixed, manually dechorionated, dehydrated, and stored at Ϫ20°C in 100% methanol until further manipulation. The whole mount in situ hybridization was performed as described by Thisse and Thisse (54) , after which the embryos were postfixed in a 4% paraformaldehyde solution overnight and transferred to glycerol prior to image acquisition. Embryos were manually deyolked and images were captured on an SMZ1500 stereomicroscope (Nikon, Melville, NY).
Morpholino gene knockdown. A splice-blocking morpholino was designed to target the second intron-exon boundary of the zebrafish CPSIII gene (ZDB-GENE-081105-17) (Gene Tools, Philomath, OR). This morpholino prevents the excision of the second intron of CPSIII from the pre-mRNA transcript and introduces nine stop codons in frame. With the use of a microinjector (IM 300, Narishige, Long Island, NY) and a pulled 1.0-mm borosilicate glass micropipette (Stutton Instrument, Novato, CA), 1-cell embryos were injected with 1 nl of either the splice-blocking morpholino for CPSIII [TTCAGAG-GATGCCTTCTCACCCAAC] or a control morpholino [CCTCT-TACCTCAGTTACAATTTATA] at a concentration of 0.5 mM in Danieau buffer [in mM: 58 NaCl, 0.7 KCl, 0.4 MgSO 4, 0.6 Ca(NO3)2, 5.0 HEPES pH 7.6] with 0.05% Phenol Red. This concentration was found to be the optimal amount of morpholino required to silence CPSIII in CPSIII morphants at 24 hpf as checked by standard PCR with primers flanking the exon-intron boundary (Table 1) , while also reducing the risks of nonspecific effects on the developmental rates, morphology, and nitrogenous waste excretion patterns of both control and CPSIII morphants. Both control and CPSIII morpholinos were labeled with a fluorescent dye, carboxyfluorescein, allowing to screen in vivo the successful uptake of the morpholino by the injected embryos. Only the embryos exhibiting widespread fluorescence by 6 -24 hpf were kept for further analysis.
Urea and ammonia determination. At different stages of development (n ϭ 4 -7), ϳ50 embryos (corresponding to n ϭ 1) were incubated in a well of a 6-well cell culture plates (BD Biosciences, Mississauga, ON) for evaluation of their nitrogenous waste excretion flux rates. The fluxes were conducted for 6 and 18 h in, respectively, 3 and 6 ml of filtered dechlorinated tap water at 28°C. These flux periods were selected for practical reasons (light vs. dark) and to allow for reliable measurements of nitrogenous wastes in the water. For each series, a well containing water only was included to serve as a blank. The water samples were immediately frozen at Ϫ20°C for later determination of ammonia and urea concentration following standard procedures (37, 56) . The excretion rates were calculated accounting for the duration of the flux, initial and final ammonia or urea concentration in the water, the volume of water in the well, and the number of embryos fluxed. For whole body urea and ammonia concentration in 24 hpf and 48 hpf morphants, the embryos were collected, flashfrozen in liquid nitrogen, and stored at Ϫ80°C until further manipulation. Each sample (ϳ50 embryos) was homogenized in 100 l of 8% perchloric acid, and centrifuged at 13,000 g for 15 min. The supernatant was then neutralized with saturated K 2CO3, and assayed for urea as described above and for ammonia using a commercially available assay (AA0100, Sigma). Urea concentrations (flux and body content) were multiplied by 2 to account for the two nitrogen atoms present in urea, and the detection limit of the assay is estimated to be 0.5 mol/l (35) .
In addition, we subjected 24 hpf morphants to an ammonia challenge as described before (6) . We chose this route of administration to test the capacity of the embryo to detoxify ammonia due to a rapid surge within the embryo/yolk sac. In addition, this technique allowed us to precisely control the level of exposure of each embryo, and circumvent any potential problems due to the chorion and its permeability to ammonia observed before in young zebrafish (5) . Briefly, 24-hpf embryos were enzymatically dechorionated in pronase (1 mg/l; Roche), and lightly anesthetized in tricaine methanesulfonate (0.01 mg/l; Sigma Aldrich). The embryos were then microinjected in their yolk sac with 3 nl of a solution of 1 mM NH4Cl in Danieau buffer. The embryos (50 per well, n ϭ 4 -6 replicates) were then fluxed in 6-well plates for 2 h, and water and body samples were taken for determination of their nitrogen waste excretion and whole body content as described above.
Enzyme assays. The activities of CPSII (a cytoplasmic isoform of CPS involved in pyrimidine synthesis and not the O-UC) and CPSIII of morphants were assayed radiometrically as described before (27) . Embryos were homogenized on ice in 3 volumes of homogenization buffer (0.05 M HEPES pH 7.5, 0.05 M KCl, 1 mM DTT, and 0.5 mM EDTA), briefly sonicated, and centrifugated at 14,500 g for 10 min at 4°C, and immediately, 100 l of this supernatant was added to 200 l of reaction buffer such that final concentrations were as follows: 20 mM ATP, 25 mM MgCl2, 25 mM phosphoenolpyruvate, 2 U pyruvate kinase, 5 mM [
14 C]sodium bicarbonate (3 ϫ 10 6 cpm), 0.04 M HEPES pH 7.6, 0.04 M KCl, 0.5 mM DTT, 0.05 mM EDTA, 20 mM glutamine, and when applicable, 1.7 mM AGA, 1.7 mM UTP. After 1 h of incubation at 26°C, the reaction was stopped with 40 l of freshly prepared 1 M NH 4OH in 0.5 M NaOH containing 0.5 mM carbamoyl phosphate and incubated for 5 min at room temperature. The reaction was then boiled for 15 min in a fume hood immediately after addition of 100 l of 2 M NH 4Cl pH 8.7. The solution was allowed to cool, after which it was passed through a DOWEX anion exchange column (OH Ϫ , 50 -100 mesh; Sigma), washed into the resin with 500 l of 0.5 mM urea. The [ 14 C]urea formed was eluted from the column with 5 ml of 0.5 mM urea into a scintillation vial. The eluate was thoroughly mixed with 10 ml of Ultima Gold XR scintillation fluid (Perkin Elmer, Waltham, MA), and the radioactivity in each sample was measured on a Tricarb LSC 2910 TR liquid scintillation spectrometer (Perkin Elmer). All reactions were carried out in duplicate, and each assay series included t ϭ 0 controls in which the reaction was immediately stopped to evaluate background values. Protein contents of the homogenates were evaluated using the bicinchoninic acid assay following the manufacturer's instructions (Sigma). Because the homogenates were not subjected to gel filtration described before (7), the enzymatic rates obtained are not maximal, but could be more reflective of their in vivo activity.
Bisulfite sequencing. To examine methylation status, bisulfite sequencing was employed. This method consists in treating genomic DNA with sodium bisulfite under acidic condition (17) . This treatment converts only cytosine residues to uracil if they are unmethylated, leaving all methylated cytosines unchanged (17) . Thus following PCR amplification and sequencing, one can identify the methylation state of each cytosine residue in a given genomic DNA region (for review, see Ref. 22) . Genomic DNA was extracted using the standard phenol/ chloroform technique and subjected to bisulfite conversion using the Imprint DNA modification kit following the manufacturer's instructions (Sigma). The bisulfite-treated DNA was then PCR amplified with specific primers (Table 1 ; Fig. 1 ) flanking a major CpG island situated Ϫ920 to Ϫ630 bp upstream of the translation start site of CPSIII (Fig. 1 ). The PCR products were then purified and cloned using commercially available kits (Qiagen). The clones for each amplified product (n ϭ 6 -10) were then sequenced in both directions at the Genome Quebec Sequencing center (Montreal, QC). Results were analyzed with BiQ Analyzer v2.0 (2).
Statistical analyses. All data were analyzed in SigmaStat v 3.5 (Systat Software, San Jose, CA). Gene expression for larval zebrafish Fig. 1 . Location of CpG nucleotides in zebrafish carbamoyl phosphate synthase III (CPSIII) promoter. This sequence encompasses the region Ϫ920 bp to Ϫ630 bp upstream of the CPSIII translation start site. The 12 putative methylation sites are boxed; the underlined sequences indicate the locations of the primer used for bisulfite sequencing (see Table 1 .).
was analyzed with one-way ANOVA on ranks (Fig. 2, A-D) and with t-tests (Fig. 2E) for adult tissues. Ammonia and urea excretion fluxes (Fig. 5, A and B) were rank-transformed and analyzed using a two-way ANOVA. Ammonia and urea content of morphants (Fig. 5,  C and D) and CPS enzyme activities (Fig. 4) were analyzed using a two-way ANOVA. Data pertaining to the ammonia-injected morphants (Fig. 6 ) were subjected to t-test analyses. All multiple comparisons were followed by post hoc Student-Newman-Keuls analysis.
RESULTS
The expression of CPSIII, OTC, ASL, and ASS1 mRNAs was detected as early as 5 hpf (data not shown). During the first 96 hpf, the transcripts for all genes had a tendency to increase (Fig. 2, A-D) . CPSIII mRNA increased twofold between 24 and 32 hpf to return to basal levels afterward. The other enzyme transcripts slowly increased over the course of development only to become significantly elevated by 72 hpf (ASL) and 96 hpf (OTC and ASS1). As a qualitative comparison, we also evaluated the gene expression of these enzymes in the liver and muscle of adult fish (Fig. 2E) . In adult liver, most enzymes were expressed at very low levels except for ASL. In comparison, the transcripts of urea enzymes were expressed at levels comparable to those of 24 hpf larvae in the adult muscle, with a markedly high expression of ASL in adult muscle.
The methylation status of cytosine residues in the proximal promoter of CPSIII appeared to be variable both across developmental stages and adult tissues ( Table 2. ). Through the course of development, there was a tendency for a reduction in the proportion of methylated residues as the larvae grew older, but there did not appear to be any consistent patterns at individual residues. Similarly, when comparing adult tissues, the CPSIII promoter in liver was overall hypomethylated compared with muscle. However, when examining each residue individually, the differences in methylation status were more variable. For example site 1 is hypomethylated, whereas site 2 is hypermethylated (Table 2) in muscle compared with adult liver tissue.
When we examined the localization of transcripts of O-UC enzymes through whole mount in situ hybridization in zebrafish larvae at 32 hpf, transcripts of all four enzymes examined were detectable (Fig. 3) . The O-UC enzyme transcripts appeared to primarily localize in the embryonic endoderm adjacent to the anterior part of the yolk sac (i.e., the yolk ball), although in contrast, no marking was observable on the posterior trunk region surrounding the yolk extension (Fig. 3) . Transcripts for the enzymes can also be detected, albeit more diffusely, in the anterior part of brain for ASL and ASS1, and in the region ventral to the hindbrain for CPSIII and OTC (Fig. 3) . Real-time PCR analysis was used to evaluate the mRNA levels of CPSIII (A), ornithine transcarboxylase (OTC) (B), arginosuccinate synthetase (ASS1) (C), and arginosuccinate lyase (ASL) (D) in developing zebrafish using EF1␣ as a reference gene. E: relative levels of these transcripts were also measured in liver (white bars) and muscle (black bars) tissues of adult zebrafish. In both developing embryos and adults, for each gene, the levels of expression are normalized to the expression in 24-h postfertilization embryos. Different letters denote statistical significance between time points (n ϭ 5).
Next, knowing that the transcript levels for these four enzymes of the O-UC were present in developing zebrafish, we decided to test the functionality of the cycle in these fish with a CPSIII morpholino knockdown. To test the effectiveness of this knockdown, we assayed the activity of CPSIII, and its cytosolic homologue CPSII, in control and CPSIII morphants (Fig. 4) . There was a significant decrease in CPSII activity at 48 hpf independent of the type of morpholino injected. Overall, CPSII enzyme activity was unaffected by the morpholino treatment (Fig. 4A) . In contrast, CPSIII morphants showed a 50% reduction in CPSIII enzyme activity compared with control morphants at 24 hpf. However, by 48 hpf, CPSIII morphants mostly recovered to exhibit CPSIII enzyme activities comparable to those of their control morphant counterparts. In addition, regardless of the morpholino injected, morphants' CPSIII activity approximately doubled from 24 to 48 hpf.
We monitored the nitrogenous waste excretion in the morphants over the course of 72 h (Fig. 5) . Regardless of the morpholino treatment, ammonia excretion significantly increased over the course of development (Fig. 5A ). Ammonia excretion rates were overall comparable between the CPSIII and control morphants (Fig. 5A) . However, between 30 and 48 hpf, ammonia excretion was elevated in control morphants, and significantly lower after 58 hpf (Fig. 5A) . In contrast, overall urea excretion was more variable during development (Fig. 5B) , and significantly elevated during the nocturnal fluxes (30 -48 hpf and 55-72 hpf; Fig. 5B ). Compared with the control morphants, the CPSIII morphants did not excrete any significant levels of urea between 24 and 30 hpf (Fig. 5B) . It should be noted that although low levels of urea were excreted in some treated fish, we could not detect any urea in most water samples. After 30 hpf, the CPSIII morphants excreted urea at levels comparable to those of control morphants (Fig. 5B) . As a result, between 23 and 30 hpf, urea production as a percentage of total nitrogenous waste was fourfold lower in the CPSIII morphants than in the control morphants, but relatively similar at later developmental stages. We also measured the urea and ammonia body content at 24 and 48 hpf (Fig. 5, C  and D) . Ammonia body content showed no significant differences between CPSIII and control morphants at both time points examined (Fig. 5C ). In contrast, by 24 hpf, the urea body content was ϳ10 times lower in CPSIII morphants compared with their control counterparts, but this difference disappeared by 48 hpf (Fig. 5D) .
At 24 hpf, morphants were injected in the yolk sac with exogenous ammonia and their nitrogenous waste excretion was monitored. Both control and CPSIII morphants excreted high levels of ammonia for 2 h postinjection (Fig. 6A) . In contrast, although the control morphants also excreted high levels of urea in response to ammonia loading, CPSIII morphants excreted only approximately half the amount of the urea excreted by their control morphants (Fig. 6A) . When we examined their body contents, CPSIII morphants had higher concentrations of ammonia, whereas their urea content was marginally lower than the control morphants (Fig. 6B) . Overall, the nitrogenous budget (excreted nitrogenous waste ϩ nitrogenous body content) of both morphant types was comparable over the flux period (0.76 Ϯ 0.07 nmol N/embryo for controls vs. 0.75 Ϯ 0.07 nmol N/embryo in CPSIII morphants) with the CPSIII morphants excreting and accumulating less urea and more ammonia than control morphants.
DISCUSSION
In the current study, we demonstrate that mRNA for four of the six urea cycle enzymes is expressed early in the development of zebrafish. We also established that differences associated with the gene expression of CPSIII across developmental stages and between adult tissues could not be attributed to drastic changes in the methylation status of its promoter, suggesting other means of transcriptional regulation of this gene. Furthermore, the use of a morpholino-based silencing of CPSIII allowed us for the first time to directly assess the 1  100  100  83  83  75  2  100  100  83  83  100  3  75  100  17  100  100  4  50  100  83  100  89  5  100  100  83  70  89  6  75  100  83  70  89  7  100  100  83  70  89  8  100  33  83  80  96  9  100  33  67  47 The proportion of methylated cytosine residues is calculated as a percentage at each individual site (n ϭ 2 for each embryonic stage, n ϭ 3 for adult tissues). See Fig. 1 for location of the CpG sites in the DNA sequence. hpf, hours postfertilization. functionality of the O-UC in zebrafish larvae, suggesting that at least very early in development the O-UC is functional, and has an impressive capacity to detoxify ammonia as tested via injections of supraphysiological levels of ammonia.
CPS III
Gene expression of O-UC enzymes.
In a variety of teleosts, several enzymes of the O-UC are detectable at relatively early life stages (7, 25, 27, 50, 62) . To our knowledge, the only other study to examine mRNA expression patterns of the O-UC in a developing teleost focused on CPSIII mRNA in rainbow trout (27) . In rainbow trout, CPSIII transcripts are present shortly after fertilization, and mRNA expression maximizes within 2 wk of development (27) . Our results suggest that not only CPSIII but three other enzymes of the O-UC cycles are transcriptionally active as early as 24 hpf (Fig. 2) . In addition, we detected transcripts for these enzymes as early as 5 hpf, which is barely after the start of zygotic transcription, suggesting that the transcripts detected at this point may be of maternal origin (24) . Another interesting point is that there is a surge in CPSIII mRNA at ϳ32 hpf ( Fig. 2A) . Given that zebrafish larvae typically hatch around 48 -72 hpf, it is reasonable to think that this CPSIII mRNA increase primes the fish for the upcoming hatching event. Indeed, during hatching, the weakened chorion is first opened and then shed by the movements of the larvae. Metabolically speaking, this prehatch surge in activity of the embryo must be demanding, and thus must be exacerbating production of metabolic wastes (i.e., ammonia) that need to be detoxified (15, 16, 33) . Interestingly, zebrafish larvae accumulate significant amounts of urea (a fourfold increase!) during hatching, whereas their excretion of both ammonia and urea remain stable (4). These observations would tend to suggest that the increase in CPSIII mRNA prior to hatching is of physiological importance because it will help the embryo detoxify the ammonia produced during hatching. Although the transcripts of other enzymes did not increase until later (Fig. 2,  A-D) , this situation is not atypical. For example, in fetal mice, CPSI, the CPSIII mammalian homologue, is one of the first O-UC genes to be expressed during development, whereas other enzymes such as OTC follow a few days later (32) . It is possible that the other enzymes are in sufficient quantities before hatching, and considering the importance of CPSIII as a regulatory enzyme (controlling entry into the O-UC), it might be most important to tightly regulate that enzyme to control overall urea production rate through the cycle. Previous work has examined the localization of some of the O-UC enzymes in newly hatched rainbow trout (50) , and determined that CPSIII enzyme activity was primarily detected in the embryonic body of developing trout, whereas OTC was found to be also expressed in hepatic tissues. However, because of the technical limitation of the assays, these spatial patterns could not be further refined or include other O-UC enzymes (i.e., ASL, ASS). Thus we took advantage of established techniques in zebrafish to localize the transcripts of major O-UC enzymes (Fig. 3) . Overall, most of the expression of the transcripts was restricted to the anterior endoderm adjacent to the yolk sac (Fig. 3) . This finding is not surprising when we consider the compartmentalization of nitrogen waste in teleost embryos. Indeed, in zebrafish, as in other fish species, urea, and to a lesser extent ammonia, accumulate at much higher levels in the yolk sac than in the embryonic body (6, 15-17, 36, 42, 50) . This compartmentalization would suggest that a transport mechanism exists that allows these nitrogenous wastes to be concentrated in the yolk sac, and for urea, that the site of formation is either in the yolk sac of the embryo or in adjacent areas. Our results and previous work suggest that not only are ammonia and urea transporters present in the region surrounding the yolk sac in zebrafish (4), but that O-UC enzymes predominantly colocalize to embryonic tissues surrounding the yolk sac (Fig. 3) . Thus both synthesis and transport of urea could potentially occur very effectively in that vascularized region allowing rapid detoxification of ammonia and segregation of nitrogenous wastes within the yolk. In terms of gene expression in adults, the higher expression of mRNA O-UC enzymes in muscular than in hepatic tissues is in agreement with previous work in several other ammonotelic teleosts at both the mRNA and enzyme levels (26, 27) .
Considering these very specific patterns of expression both in developing fish and adult tissues, we hypothesized that they could be dictated by epigenetic mechanisms of regulation as opposed to transcriptional regulation. Indeed, epigenetic regulation has recently emerged as a powerful means to establish both temporal and tissue-specific gene expression patterns (8, 31, 40, 49, 63) . Specifically, we focused on the methylation status of cytosine residues located in a region rich in cytosineguanosine dinucleotides within the proximal promoter of CPSIII. Overall, the patterns we observed both across developmental stages and between adult tissues are not consistent with our initial hypothesis ( Table 2 ). The methylation state in embryos seemed to decrease over time, whereas the gene expression peaked at 32 hpf ( Fig. 2A) . Similarily, in adult fish, although CPSIII mRNA is expressed at levels that are orders of magnitude higher in muscle than in liver (Fig. 2E) , the methylation status at both individual sites and of the region as a whole show little difference between the two tissues; if anything, the promoter is slightly hypomethylated in liver compared with muscle ( Table 2. ). This situation is very different from that of mammalian systems, in which there is clearly an epigenetic impact on gene expression of CPSI (45) . Furthermore, the characterization of the mammalian CPSI promoter uncovered a complex mode of transcriptional regulation, with multiple regulatory units controlling its gene expression (9 -11, 19, 20, 28, 47, 55) . We performed a preliminary in silico analysis of the zebrafish CPSIII promoter, and failed to identify most of the regulatory markers present in mammalian CPSI promoter (e.g., glucocorticoid and hepatocyte nuclear factor response elements). However, our results suggest the possibility that transcriptional, and not epigenetic, regulation may be coordinating the spatiotemporal expression of CPSIII in zebrafish, although this speculation warrants further investigation beyond the scope of the present study. We should keep in mind, though, that in mammals, the functionality of the urea cycle is of crucial importance in all life stages, because defects in this cycle are highly detrimental and can be lethal on the basis of their severity (3). In contrast, in ammonotelic teleost the urea cycle is apparently mostly active only at early life stages, and defects in the cycle (i.e., transient knockdown of CPSIII) are not lethal in zebrafish embryos (C. M. R. LeMoine and P. J. Walsh personal observation). Thus it is reasonable to believe that the two evolutionary and physiologically distant taxa present very different means of regulating components of the urea cycle. In that respect, a comparative study of the mechanism of regulation of the O-UC in closely related ammonotelic and ureotelic teleosts (e.g., Opsanus beta and Porhychis notatus) compared with the mammalian model could provide invaluable information on the evolution and regulation of ureotelism in vertebrates. CPSIII silencing. We employed reverse genetic techniques to assess the functionality of CPSIII and by extension the O-UC in developing zebrafish (Figs. 4 -6) . Overall, our results suggest that in zebrafish, CPSIII and the O-UC are active at early life stages. CPSIII was efficiently silenced for the first 24 hpf in the larvae as indicated by enzyme assays (Fig. 4B) . Indeed, the activity of the enzyme was reduced by ϳ50% in CPSIII morphants, but quickly recovered to control levels thereafter (Fig. 4B) . The patterns observed at the enzyme level were mirrored by the urea fluxes and body contents of the morphants, because by 24 hpf nearly no urea was excreted or accumulated by the CPSIII morphants, but a full recovery was evident by 48 hpf (Fig. 5, B and D) . As development progresses, ammonia excretion tends to increase regardless of the morpholino treatment as described elsewhere (Fig. 5A) (3, 5) , however, there does not seem to be a compensatory increase in ammonia fluxes from the CPSIII morphants compared with their control counterparts. The rapid recovery observed in CPSIII morphants may be due to several factors. First, this compensation may reflect the normal increase in gene expression that occurs in wild-type embryos ( Fig. 2A) , and a large increase in CPSIII mRNA could buffer the morpholino effect in part or completely. Another possible cause for this rescue of CPSIII could be a specific attempt by the embryo to compensate for the morpholino silencing, again resulting in the reduction of the morpholino effect (13, 34) . These two possibilities could superimpose on the fact that as the embryo grows, the morpholinos are diluted over time, and for a site-specific expression of the target sequence (as evidenced by Fig. 3) , the initial effective morpholino concentration becomes diluted and the silencing is overwhelmed by the relative increase in the mRNA target's expression.
To extend our findings, we ammonia-challenged 24 hpf morphants with direct injection and assessed their nitrogenous waste fluxes and body contents (Fig. 6 ). Both control and CPSIII morphants showed an elevated excretion of ammonia within 2 h of injection compared with 24 -30 hpf in uninjected embryos (Figs. 5A and 6A ). In addition, control morphants also showed a rate of urea excretion similar in magnitude to their ammonia flux (Fig. 6A) . In contrast, CPSIII morphants excreted only half the amount of urea the control morphants did (Fig. 6A) , further establishing that the O-UC is impaired in CPSIII morphants. Moreover, the accumulation of nitrogenous wastes in the embryos corroborates these results, because CPSIII accumulated more ammonia and less urea than control morphants (Fig. 6A) . The effects of the exogenous ammonia injection on the control morphants are similar to previous reports of embryos exposed to high environmental ammonia (50, 61) , as embryos increased their urea excretion to prevent harmful ammonia accumulation. These results also suggest that this rapid detoxification of ammonia occurs primarily through the O-UC, because a 50% decrease in CPSIII activity results in a similar reduction in urea production in the ammonia-injected CPSIII morphants (Fig. 4B) .
However, when considering these rapid changes in urea production, the activities for CPS enzyme activities obtained in zebrafish larvae seem relatively modest to accomplish this feat. But when approximated per gram of tissue, we estimate them to be about 0.05-0.2 nmol·min Ϫ1 ·g Ϫ1 for CPSII and 0.01-0.04 nmol·min Ϫ1 ·g Ϫ1 for CPSIII, which is lower than, but in the range of previous reports for teleost embryos (e.g., Ref. 7). However, even at these relatively low levels of activity, the flux through CPSIII in optimal conditions (though unlikely to happen in vivo), would be more than sufficient to produce the large amounts of urea observed when presented with an excessive ammonia load (Fig. 5) . Thus, zebrafish embryos, as other teleost species, have the capacity to produce significant levels of urea even early in their development, but do not completely activate that metabolic pathway until presented with an ammonia challenge. Although seemingly excessive compared with their normal nitrogenous budget, this capacity could be crucial at specific point in development (i.e., hatching) where conditions may require rapid detoxification of ammonia.
Perspectives and Significance
Overall, we demonstrated that several enzymes of the O-UC are expressed at early developmental stages of the zebrafish larvae. In addition, the localization of the enzyme transcripts suggest that they are optimally located to compartmentalize urea within the yolk of the embryo. Furthermore, using reverse genetics and manipulation of ammonia load in embryo, we firmly establish the functionality of the O-UC and its potential importance over other ureogenic pathways for ammonia detoxification at these stages of development. Considering the localization of the O-UC enzymes and their capacity to rapidly detoxify relatively large amounts of urea, it appears that the retention of ureogenic capacity in several developing teleost embryos could act as a protective mechanism against endogenous or exogenous surges in ammonia. This report in zebrafish, a warm acclimated freshwater species, corroborate previous results obtained in phylogenetically distant species from diverse freshwater and seawater environments (e.g., cod, rainbow trout, halibut, African catfish; 7, 51, 52, 62). Thus our results provide additional support to the emerging view that O-UC detoxifying capacity is active and maintained in a variety of teleost species during early development, but this capacity is repressed at later life stages (21) .
